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Abstract
Aspen is a three-legged dog with mobility issues from Berkeley, California. She was hit by a car
and her rear left leg was amputated at the hip. Robin Swanson, Aspen's owner, and her friend,
Audrey Beil, are the sponsors for this project. Jack Montgomery, Katherine Thomas, and Parker
Johnson, “The Underdogs”, are tasked with helping Aspen regain some of her mobility and the
ability to go on walks. Research was done into the problem by talking with the sponsors and
looking into existing products, designs, and patents. This document, the Final Design Review
Report, outlines the background information, problem specification, design, manufacturing, and
testing process used to develop a solution for Aspen. The final design, its operation, and the
necessary manufacturing process are discussed in full detail. A design verification plan is
included for testing procedures.
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1. Introduction
Aspen was hit by a car, and six weeks later surgery was performed on her rear left leg in July
2019. Audrey Beil found Aspen and Robin Swanson adopted her soon after. Aspen is having a
difficult time adjusting to the three-legged lifestyle as she is energetic and playful. Her missing
limb is preventing her from playing for extended periods of time. Audrey and Robin want Aspen
to be able go on walks around the neighborhood and hikes on some nearby trails. What makes
Aspen’s amputation unique from most is that she was amputated just below her hip. She has no
remaining portion of her leg which makes prosthetics complicated. There are currently no
prosthetic legs on the market that would specifically suit Aspen. Audrey and Robin came to Cal
Poly and enlisted “The Underdogs” to find a solution for Aspen and their needs. In this
document, we will present our research, describe existing products and patents, define our
project objectives and goals, and build a schedule for developing a solution. A cart wheelchair
design has been chosen as the solution. Iterative analyses and tests have been run to ensure a
fully functional and robust design. The final design, manufacturing plan, and testing procedures
are discussed in full detail.
2. Background
2.1 Sponsor Interviews
A video meeting over Skype was conducted with both Audrey and Robin. This meeting went
over some introductions between the sponsors and the team, some background on Aspen, and
then delved into the specifics of the problem and desired outcomes for the solution. The
sponsors said that Aspen has plenty of energy and loves to chase after balls with other dogs.
When she gets too excited, she will try to run faster than she is able to and fall over. Her body
can not keep up with her mind. Aspen wants to get all of her energy out but she is limited by her
amputation and spends most of her days as a couch potato due to her limited mobility. She also
has mild hip dysplasia in her rear right leg. This could grow worse with time as she is still very
young. Robin also noted that a cart could be an option instead of a prosthetic. However, if a cart
is utilized, it must fit within ADA (American Disability Association) size regulations. The main
points of consideration are outlined in Table 1.
Table 1. Customer needs and wants.

Grouping

Customer Need/Want Description

Size/Weight

-similar to her actual leg is preferred

Waterproof

-durable for trails with water and mud
-will not rust/corrode

Washable

-can be easily cleaned

ADA compliant

-conforms to ADA standards (handicap ramps)
-note that it does not need to be able to traverse stairs

Budget

$2000
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After we shared our initial scope of work with our sponsors and they read it thoroughly, we had
another interview to discuss their thoughts on the matter. We made changes to some of Audrey
and Robin’s weighted responses including these specifications: ADA dimensions, weatherproof,
and small size / collapsibility. We also changed the specification “jumping ability” to “getting over
obstacles”, because Aspen does not need to be able to jump with the device. Our new
specification focuses on getting over obstacles such as curbs, rocks, and debris while
maintaining stability and momentum. This new name describes our customer’s needs better.
2.2 Technical Literature
Movement for a three-legged dog can be unstable and hurtful to the animal if the distribution of
weight leans towards Aspen’s hip and remaining rear leg. Understanding a dog’s general
movement of limbs while walking and running is a necessity in being able to design a proper
solution. The first journal article we delved into modeled a dog walking compared to the relevant
movement of legs modelled by 4-bar linkages [18, Usherwood]. This informed us of the relative
angles of impact and release the limbs make with the ground, as 4 bar linkages were unable to
closely match the real dog’s movement. Joints in a dog’s legs are necessary to include in a
prosthetic design in order to recreate the dog’s original movement. The second journal article
measured the stresses present in dog and sheep hip joints [11, Lee]. This gave us insight into
the stresses we need to input into FEA when we complete our solution. The third journal article
explained a study done on dogs with hip dysplasia over time. We used this to better understand
the disease that Aspen is dealing with. The fourth article discusses how to utilize optimization
methods to model muscles, which can be used to make a predictive model of Aspen’s walking
and running [6, Crowininshield]. The final article we read involved the trotting patterns of dogs
with a short-term, induced limb lameness in a rear leg, which will assist in the calculations
necessary to create a kinematic model of Aspen [10, Goldner].
2.3 Existing Products
There are a range of prosthetic and cart-based options for 3-legged dogs. Some of the
promising prosthetic options we researched are produced by Bionic Pets, Orthopets, a
University of Delaware senior project, and 3D Systems. We found promising cart-based options
from Eddie’s Wheels and K9 carts.

Figure 1. Rear cart created by K9 Carts.

Figure 2. Rear cart created by Eddie’s Wheels.
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Bionic Pet’s prosthetic is featured around a plate that is molded to fit the amputation site,
allowing for a comfortable fit without needing a leg stub to attach to. The basis of this idea could
be used to create a hip brace with a prosthetic attachment. A hip brace would also be useful in
helping prevent further hip dysplasia issues. The prosthetic Bionic Pets uses is essentially a peg
leg with a curved plastic piece at the bottom. In videos, this prosthetic works with a range of
ground impact angles but the rigidity and lack of bending in the peg make the dog seem
uncomfortable and slower.

Figure 4. Jointed prosthetic created by
Orthopets.

Figure 3. Custom-fitted prosthetic
created by Bionic Pets.

Orthopet’s prosthetics have joints and behavior similar to real dog legs and seem to make the
dog comfortable and mobile compared to the bionic pets option. The issue with Orthopet’s
prosthetic is that it requires a limb remainder to attach to, which Aspen does not have. The rest
of the information involving currently existing products can be found in Appendix A.
2.4 Existing Patents
Multiple patents were researched to obtain background on designs utilized worldwide. Google
patents was the main resource used for this search. These patents mainly focus on wheelchairs
but provide some interesting considerations in terms of pet support, adjustability, and wheel arm
pivot. A list of relevant patents is given in Table 2 below, including the relevant takeaways we
got from each of the patents.
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Table 2. Patent research.

Patent Name

Patent No.

Descriptors

Takeaways

Walking aid
wheelchair cart for
pet with disabled
back trunk

CN101371809A
[22, 朱晏墨]

●

Wheelchair will small
tires
Back support
Frame has holes for legs

●

Adjustable
wheelchair for
pets

US7549398B2
[4, Eng/Roy]

Wheelchair with medium
size wheels
Adjustable length
Arms that pivot

●

Separate axles for wheels
would decrease
opportunity for impact with
leg

Prosthetic cart for
animals

CA1166095A
[16, Parkes]

●

Training wheel on bicycle
style gives leeway for
excess movement

●

Wheelchair
Has shin support for rear
legs
Yoke attaches to thorax

●
●
●
●
●
●
●

●

Sling for disabled leg
would be useful in
keeping it stationary
Dogs need room to
relieve themselves

Pet adjustable
wheelchair

JP5385584B2
[19, エング ロイ]

●
●
●

Wheelchair
Support Straps
Adjustable sizing

●

Straps to secure
wheelchair to dog are a
necessity

Wheel-chair for
dogs consists of
frame, side guide
struts….

DE19925629A1
[12, Luethje]

●
●
●

Wheelchair
Rear has suspension
Straps are adjustable

●

Suspension reduces
vibrations and forces on
animal

Walk-assisting
tool for pet

JP2003009704A
[1, Nakano]

●
●

A travelling carriage
A support rod hangs
over the pet and
supports it
Carriage moves on rails

●

If she cannot support her
own weight in a cart, a
support rod could be used
which is lifted by owner to
relieve weight

Part of the frame can be
removed to allow
entrance/exit of animal
Front wheels are a
subassembly that can be
removed

●

Keeping sections in
subassemblies makes
attaching and removing
easier
Mistake-proofing is good
for pet owners

Wheelchair with wheels
at the very back of the
cart
Wheel arms can pivot

●

Wheelchair with lots of
adjustments and triangle
wheel strut

●

●
Mobile prosthetic
apparatus for
disabled
four-legged
animals

US6820572B1
[17, Parkes]

Mobility aid for
quadrupeds

US9962249B2
[14, Newby]

●
●

●
●

A kind of
quadrupeds walk
supporting device

CN106821690A
[21, 张格]

●

●

●

Pivot wheels are good for
range of motion
4 wheels if moref stability
if needed
Two parallel frames joined
by a loop can decrease
harmful moments

The patents that provided the most input to our design options are the patents JP5385584B2
and CN106821690 which are below.
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Figure 6. Patent CN106821690 for a dog support cart

Figure 5. Patent JP5385584B2 for a dog support cart

These patents contain interesting design elements and were considered in our design process.
3. Objectives
3.1 Problem Statement
Robin and Audrey need a way to help Aspen, a three legged dog, regain safe mobility because
she is currently limited by her amputated rear leg and hip dysplasia.
3.2 Boundary Diagram
A boundary diagram demonstrates what can be changed versus what cannot be changed. This
team’s focus is on developing a prosthetic or cart for Aspen’s leg. Only the product can be
influenced. The dashed line encircling Aspen’s leg in Figure 7 is the boundary line. We have
control of everything inside the boundary line. The factors outside the boundary are still
important as they will directly interact with the product and should play a key role in its design.
These mainly include Aspen, Robin and Audrey, and the ground or terrain. The product must be
designed to fit with and be comfortable for Aspen. Robin and Audrey are the ones that will be
taking care of the product, storing it, and attaching/removing it from Aspen. The product will be
in constant contact with the ground whenever it is in use so it needs to be able to withstand the
forces of this contact as well as exposure to dirt, grime, and water. It also may need to interface
directly with a leash or tether system to increase comfort for Aspen.
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Figure 7. Boundary diagram for Aspen’s prosthetic.

3.3 Specifications
Specifications are the quantifiable value by which the customer requirements can be met, for
example, having a max speed above 5mph on flat terrain. Our engineering specifications are
presented in Table 3 and list the target values, tolerance, risk, and compliance for each
specification necessary in our final design. These can be considered our guidelines for design,
and will all be met by our proposed design.
Table 3. Engineering specifications and requirements.
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The first specification is the baseline amount of time we expect her to comfortably walk per day
without needing a break. More than 10 minutes of walking on flat ground without slowing or
tiring is a reasonable goal to achieve consistently during testing, with a tolerance of 2 minutes
as to not have a large variance in performance.
The second is the average speed attained on the off-roading trails near the Sponsor’s home.
We expect to achieve greater than 3mph through testing with a variance of 1mph in values.
The third specification is the factor of safety (failure divided by actual force) for the static loads
which can be determined through Finite Element Analysis(FEA), which is a software program
that utilizes a design’s CAD to calculate the internal stresses within said design. We want to
achieve a safety factor of at least 3, because it is conservative and is commonly used for
designs that could pose hazards.
The fourth specification is the factor of safety when loaded for a million cycles of force
application. This value should be around 3 and can be determined through FEA once a design
is chosen.
The fifth specification is no visual corrosion on material after 8 hours in water, this will test how
weather/waterproof all of our chosen materials are.
The sixth specification is the time required to attach or remove the solution to Aspen, which we
have a goal of 2 or less minutes. This can be determined via a test, but designs can be
specifically made to be easy to attach.
The seventh specification is the maximum dimensions that the American Disability
Association(ADA) allows on wheelchairs for the ramps they have installed. This dimension has
only a negative tolerance because the value cannot exceed the maximum but can go much
below it.
The eighth specification is the weight of the solution which we have set at 10lbs with a large
tolerance of 2.5lbs. This is a commonly found weight range for carts for dogs of a similar weight
to Aspen.
The ninth specification is how long Aspen can continuously wear the solution, which we are
trying to achieve a value of over 2 hours with a tolerance of 1 hour.
The tenth specification is the cost of the whole process and deliverables necessary for our
chosen solution, which we expect to be less than 2000$. We will be attempting many cost
saving methods and apply for grants, as cost is an issue.
Half of our specifications will be met through testing of our final product with Aspen, while the
other half will be met with analysis which can be determined once our final design is solidified.
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The 1st tested specification is the minimum walking/running time before Aspen takes a break.
This specification will represent Aspen’s increased mobility due to use of the product, as she
currently tires quickly. The 2nd tested specification is Aspen’s average speed while off-roading
on nearby trails. Our high risk specifications include running/walking, body weight stress, fatigue
loading stress, and ADA Dimensions. It is important that those specifications are focused on,
because solutions without a target value in range will harshly affect the customers’ happiness
with our design. ADA dimensions and the stress specifications can be met by analysis only. This
means testing is unnecessary to determine if the target values are met, and instead they will
be determined during the design phase.
3.3 QFD (House of Quality)
The Quality Function Diagram (QFD) is utilized to determine the specifications or “quantifiable
results” we want our solution to achieve. We began by listing the customers, the solution
requirements, and the customers perceived ranking of importance of each requirement. We
then move to the right side to determine the ranks of commercially available products or patents
relative to each customer. Then we compare how well a specification can confirm the validity of
a requirement by comparing each specification and requirement to each other by choosing one
of 3 symbols to represent correlation. For specifications that are not relevant to requirements,
we place no symbol. A QFD allows us to see the big picture involved in our customers’ needs
and lets us compare the solutions already available. The QFD can be found in Appendix B.
According to our QFD the most important specifications for our senior project are
walking/running, material corrosion, and offroading ability.
4. Concept Design
4.1 Development & Evaluation Process
We began our development process by determining the functions that our solution needs to
perform in order to be successful. These functions were: (1) Attach to Aspen, (2) Hold Aspen,
and (3) Move Aspen. We then proceed by brainstorming approximately 300 solutions to our
problem statement. Brainstorming was completed using various methods, taking inspiration from
structured forms to create as many ideas as possible. While some of the ideas we contributed
were outlandish or nearly impossible, this process opened up our minds to possibilities we
would have never considered originally. A list of these ideas can be viewed in Appendix F. We
grouped ideas by function and developed concept models of a handful of these ideas. We used
craft supplies to construct the concept models to determine the viability of some of our ideas.
We also 3D printed a small dog model and were able to fit our concepts to the dog model. This
allowed us to determine valuable information about the performance and effectiveness of each
proposed design. From a number of the models we learned the importance of a secure
mounting position and style. Models that did not provide a secure attachment, as seen in Figure
8., failed to properly support our dog model. This circular spring prosthetic concept only
connected through a pad underneath the model, which neglected the side-to-side motion that
will occur under movement. Thus it failed to complete the hold Aspen function.
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Figure 8. Circular Spring Prosthetic concept model.

To accommodate this, many of our designs incorporated a more structural cart. An example can
be seen on the next page in Figure 9., which shows our basic cart design with a concept of how
it could mount to Aspen. This design included two rails on the side that connected to a circular
center ring to hold Aspen’s body.

Figure 9. No suspension cart with leg rest concept model.

We also tested a concept model of an integrated harness design to better understand how a full
harness could work with a cart design. We found that a harness could be combined with a cart
to provide a stable mount to Aspen, as shown in Figure 10. We also considered a harness that
covered more of the body for comfort, as seen in Figure 11. These harnesses would be
separate from the cart/prosthetic and would be comfortable enough for Aspen to wear around
the house.
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Figure 11. Large harness concept model.

Figure 10. Harness integrated cart concept model.

Finally, we incorporated suspension into our concepts. This had been a goal of our project, as
we hoped to provide Aspen with the most comfort and flexibility possible. We incorporated
suspension in a couple different ways, as seen below in Figures 12 and 13. Figure 12. shows
our trailing arm suspension design, a simple arm based suspension that would allow for plenty
of range of motion and would fit around Aspen’s rear leg. Figure 13. Shows a prosthetic design
that incorporates a torsion bar to allow natural movement of the prosthetic, imitating an actual
limb.

Figure 12. Trailing arm suspension concept model.

Figure 13. Flexible prosthetic concept model.

These models proved that suspension was a viable solution, not adding much weight while
allowing natural flexibility and movement.
4.2 Top Concept Models
We used Pugh matrices to determine how the different concepts compared to each other and to
a baseline. This was done by ranking concepts in three states: “-1”,”0”, or ”1”, relative to the
baseline product whose rankings are all defined as “0”. Each concept was evaluated based on
the customer's wants and needs from the QFD. We created a Pugh matrix, Appendix D, for
each of the three functions and filled each with the appropriate concept models.
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There were 7 concept models that illustrated the “Move Aspen” function. Each concept model
was compared to a baseline, which was chosen to be the K9 cart, an existing product discussed
earlier in this report. Our first concept utilized a rolling wheel secured near Aspen’s amputation
site, the second had an angled rear split made of polycarbonate, Figure 13, the third was a cart
with a back leg rest, Figure 9, and the fourth involved a trailing arm with a shock absorber and a
rolling wheel, Figure 12. In Appendix D we compared our concepts to the baseline product
through a Pugh Matrix based on the customers’ needs. The results showed that the trailing arm
with shock absorber and a rolling wheel had the most points at 5 with the rear splint following
second with 3 points and the cart with leg rest in 3rd with 2 points.
The “Hold Aspen” function was defined with 5 models and compared to the same baseline, a K9
cart. This function is responsible for keeping Aspen standing upright and steady while
distributing stresses safely, Our first concept was a large stationary prosthetic wheel, the second
was a trailing suspension arm, the third was a non-suspension cart, the fourth was a cart with
torsional springs, and the fifth is a circular spring prosthetic. The large stationary wheel was the
highest ranking, with the trailing arm in a close second, and the torsional spring cart came in
third. These concepts will be the main ones considered for this function.
The “Attach to Aspen” function is responsible for keeping the solution comfortably attached to
the body of Aspen while being able to be attached and removed quickly. There were six models
created for this function. The top resulting design is the full harness with strap which is separate
from the Move/Hold solution. The second best design was the back brace which acts as a hip
dysplasia pain preventative. The third was a tie between runners with soft straps and a padded
cup which suctions to the amputee site.
We also utilized the Pugh matrices in Appendix D. to see what designs had parts that worked
well for a function. For example, we saw the stability that the two frame cart provided, and
added that functionality to our consideration of our final ideation.
After determining our top concepts from the Pugh Matrices, we combined the functions together
to create the theoretical best solutions. These led to a mix of ideas of where the individual
concept designs were rated highly. The combinations are sketched out in Figures 14 through
19. Our design in Figure 14 utilizes a back brace to provide support and healing for Aspen’s hip
dysplasia. The back brace is connected to a beam spring prosthetic that is mounted on Aspen’s
amputation site using a soft padded suction cup. This design was centered around simplicity
while prioritizing Aspen’s comfort. Figure 15 includes side runners, a trailing arm, and a
suspension wheel. The side runners provide stiff frame support along Aspen’s side. The
suspension setup will reduce terrain impact on the cart and Aspen’s body. Figure 16 has a
triangle support which adds a lot of strength to the design. The rear splint creates a lot of drag
on the ground and would not be feasible in all but snowy conditions. The design in Figure 16
utilizes the beam spring in coordination with a padded cup, similar to Figure 14, but it utilizes
rigid side runners with soft straps to “attach” to Aspen. After sketching this design, it appears
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less possible than the design in Figure 14, because side runners are a more useful attachment
method when the solution is symmetric along Aspen’s spine.

Figure 14. Back brace, padded cup, &
beam spring.

Figure 15. Side runners, trailing arm, &
suspension wheel.

Figure 16. Side runners, full harness, &
rear splint.

Figure 17 combines the side runner frame support with the padded cup and circular beam
spring prosthetic. The frame support is necessary in this design as the padded cup, although
able to provide comfortable upward support, would not be able to support any side to side
movement. The siderunners and added straps are necessary for attaching the prosthetic to
Aspen’s body. The design in Figure 18 is almost identical to the design in Figure 15 with the key
difference being the back brace support versus the side runners. The back brace would provide
a single point of support for the frame portion of the design. This could interfere with Aspen’s
spine. A robust design is shown in Figure 19 and includes a back brace, side runners, and no
suspensions. This cart is very strong, but the stiffness of the design could also jostle Aspen
during the traversal of rough terrain.

Figure 17. Side runners, padded cup, &
beam spring.

Figure 18. Back brace, trailing arm, &
suspension wheel.

Figure 19. Back brace, side runners, &
no suspension cart.

4.3 Selected Concept and Prototype
The top few results of the Pugh matrices for each function were combined to form a variety of
solution options that satisfied all of the functions. These combinations were added to a weighted
decision matrix, shown in Appendix D. Similar to the Pugh matrices, the weighted decision
matrix compares each concept to the customer needs and wants from the QFD. The weighted
decision matrix also takes into account how important each of the customer requirements is,
and a weighting from 0 to 10 is assigned to each requirement based on the QFD. After we rated
each solution option in the matrix individually, the scores for the solutions were tallied giving a
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quantitative value to the viability of the variety of options. We analyzed the results of the
completed matrix and noted the categories in which some of the top ideas fell short. After some
iteration, our top concept was option L which includes a removable full harness, side runners, a
trailing arm suspension setup, a hip strap/pad, and dual wheels. This design, shown in Figure
20, improves on some of the other options and was able to score higher in specific categories
due to some core features. The removeable full harness allows for easy mounting and
dismounting of the cart. The suspension improves off road mobility and the dual wheel setup
ensures stability. Some sacrifices were made in other categories as this design will not be as
lightweight as some of the alternatives. We plan to continue to improve this concept and
minimize any disadvantages in the design.

Figure 20. CAD model of selected design, dual trailing arm cart with suspension.

Our Pugh Matrices and decision matrix pointed to this solution which was made even better by
creating it into a cart rather than a singular trailing wheel. Two rear contact points with the
ground should make Aspen more stable and require less exertion to create movement. This
solution gives Aspen the freedom to run on flat ground, rugged terrain, and even in the mud.
The trailing arms with shock absorbers keep the rear cart moving smoothly, while the harness
protects Aspen’s body from any pinch/rub points. The weight of the cart is spread out over a
large area on Aspen through the secure mounting of the cart sides to the harness, so it does not
cause her any pain. She has the option to use her rear leg but can also lift it up on to the side
panel and be fully balanced. Her missing limb will be supported by an additional foam pad
underneath, which will be formed to provide optimal support. Aspen should not feel any points of
high force concentration.
The main structural components of the cart will be made from aluminum. This includes the side
supports that will run along the sides of Aspen’s body and the trailing arm suspension
components. Aluminum is lightweight, strong, and moderately priced. It is washable and a clear
coating will protect it from corrosion. It can also be bonded to itself by welding. Any brackets or
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other components can be attached by welding or nut and bolt hardware. The trailing arms can
be made from aluminum stock tubing. Square tubing would provide explicit flat surfaces to
mount the wheel, shock, and brackets to. The exact suspension geometry will require more
research. The shocks will attach to the trailing arms and the main frame of the cart that runs
alongside Aspen’s body. There are many air and oil shock manufacturers online, therefore a
specific manufacturer will have to be found for sourcing. The placement of the shock on the
trailing arm and the cart support will determine the stiffness of the suspension. This can be
easily modified during testing to obtain desirable results. The harness will most likely be an
off-the-shelf product that will be modified to attach to the cart. The attachment mechanism
between the cart and the harness is still to be determined. A quick-release clip is desirable for
easy mounting and dismounting of the cart. Good examples of wheel options are kids bike
wheels or jogging stroller wheels. Bike wheels attach to a frame on both sides of the center hub.
In our design the suspension arm only attaches to one side of the wheel. There are many
wheels online so sourcing should not be difficult for a wheel that will fit this application. Other
miscellaneous materials will be required for the design including straps, sinches, buckles,
padding, etc.
4.4 Risks & Unknowns
Some of our engineering specifications can be met through analysis alone, which results in
favorable designs or removing designs that will not easily meet our target values. The other half
of our specifications can only be met through testing involving a nearly-finished product with
Aspen, therefore it is still unknown to us how Aspen will react to certain solutions. We need to
utilize the results we can see through computer simulations such as FEA (Finite element
analysis) without undermining certain designs when it comes to testing, as our environment will
not be perfect and replicable like a simulation. Stress conditions that should be analyzed are
walking, jumping stairs, running, and impact. Stress will need to be analyzed throughout our
design as well as Aspen’s body to ensure her safety and comfort.
To increase safety with the design, a design hazard checklist, Appendix E, was created to
predict and minimize potential safety hazards. The design hazard checklist will be referenced as
more design decisions are made. The document will also be updated if any new hazards arise.
5. Final Design
We updated our design to include all the real parts we have designated in our purchase list.
This is the final update to our design and includes all of the necessary features we defined
earlier in this report. There were many design ideations between our first model and our final,
Figure 21. We will be discussing the reasoning behind all of our design choices in this chapter.
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Figure 21. Final ideation of cart assembly rendered in SolidWorks with appropriate materials.

5.1 Whole Assembly
We began by analyzing the potential forces and moments that could be applied to the various
areas of our assembly. In our early design, we had the same base components: frame, trailing
arms, shocks, wheels, and harness. This continuity allows our hand calculations to stay relevant
even when slight changes are made to the design. To begin the ideation process of our design,
we first determined the internal forces within our assembly when subjected to typical or
maximum loading. We cross checked our findings from FEA (Finite element analysis) against
our hand calculations to ensure that our findings were accurate. From here, we could determine
the sizing of Aluminum rectangular and circular tubing that would provide the necessary support
while being lightweight. The dimensions that best fit our needs for circular tubing was ½’’
diameter with 1/16’’ wall thickness. Our rectangular tubing had higher quantity stress
concentrations and therefore the best dimensions were determined to be 1’’x1/2’’ with ⅛’’ wall
thickness.
5.2 Frame
The frame, Figure 22, is a combination of our circular and rectangular aluminum tubing welded
into place. Weld calculations and FEA were done to determine the necessary welds to resist
any large forces.
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Figure 22. Final ideation of frame components.

Our initial hand calculations determined that a large diagonal brace was necessary to prevent
stress concentrations at the weld site of the perpendicular members. Later calculations and FEA
showed that the brace could be reduced in size if it was made out of solid aluminum rather than
rectangular aluminum tubing. A second semi-circular brace was added directly above the
vertical member in order to provide greater stability against a twisting moment.
5.3 Trailing Arms + Wheels
Our design utilizes two trailing arms, Figure 23, connected to the frame through a pin and the
shock absorber. The other side has an axle that our wheel/bearing assembly will be attached to.
The shock absorber is positioned so it will be vertical with a slight angle in order to best resist
changes in position of the trailing arm.

Figure 23. Final ideation of trailing arm components.
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The shock absorber brackets were redesigned to resist a greater amount of stress, as our
previous finite element analysis (FEA) showed large stress concentrations in the brackets that
resulted in an unacceptable factor of safety. Now these brackets are made from a thicker solid
aluminum sheet and stress is evenly spread across either side of the bracket. The shock will
mount through a bolt that passes through the shock absorber brackets.
5.4 Shock Absorbers
Bicycle shock absorbers, as modeled in Figure 24, were determined to meet the requirements
for our basic suspension. The shock absorber will be deformed the greatest amount in
applications where the ground is bumpy and uneven.These shock absorbers will prevent
harmful forces from reaching Aspen and ensure a smooth ride.

Figure 24. Model of mountain bike adjustable rear air shock.

5.5 Harness
The harness that best fits our requirements is the Ray Allen Icon air modular dog harness,
shown in Figure 25. below. This harness has a modular layout which provides connection
points, each which can withstand up to 600 lbs. This allows for straps to be easily connected
and keeps the cart securely attached to the harness at multiple points. This harness is quite
expensive, but we gave our sponsor additional options that are slightly cheaper from the same
manufacturer and they confirmed that the Icon Air Harness was best suited for our design.
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Figure 19. Ray Allen Icon Air modular dog harness.

The harness will decrease the necessary time to put Aspen within the cart, as the cart will have
straps to directly attach to the harness.
5.6 Changes During Manufacturing
We made some last minute changes to the final design during the manufacturing stage. We
wanted to be able to easily adjust the position and angle of the rear leg support. Our original
plan was to 3D print the brackets to attach the rear leg support to the frame. We were not able
to easily meet up with the sponsors and Aspen, position the rear leg support, and then build the
brackets around the correct position. Instead, we opted to use some scrap ¾” tube for the end
of the siderunner, and we made metal brackets that could slide and swivel around the tube,
Figure 26.
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Figure 26. Rear leg support and brackets.

We will also have to make the cart taller. It did not properly fit Aspen. We were not able to fully
complete the height adjustment by the time of this report. In the first week of December we will
extend the lower shock mounts, shown in Figure 27, to raise the height of the cart.
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Figure 27 . Lower shock mount that will be extended.

The third change we made that caused the final product to differ from the original design was
changing the crossmember bend radius. We planned for the crossmembers to be half circles
with a single constant bend. We were unable to find a tube bender with the correct bend radius
to achieve this. Instead, we made the crossmembers more rectangular with two smaller radii
bends and bend it with a triple header tube bender, Figure 28.
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Figure 28. Triple header tube bender.

6. Manufacturing
6.1 Sub Assemblies and Components
The full list of sub assemblies, components, and their part numbers are outlined in the indented
bill of materials (iBOM) which is attached as Appendix I. The main sub assemblies include the
frame, trailing arms, harness, rear leg support, shocks, hardware, and wheels. The
manufacturing plan for each of these sub assemblies is outlined starting in section 6.2.
Appendix I also includes quantity, cost, sourcing, and additional information for each
component. Further sourcing information is included in the budget, Appendix J. The budget also
includes purchased items that are not necessarily components in the design such as tools and
mold supplies. Drawings for all the design components are included as Appendix L.
6.2 Frame
6.2.1 Siderunners (frame rails) - 1110-L and 1110-R
The siderunners and the bottom support portion of the frame that attaches to the trailing arm are
made of 1” x ½” x ⅛” aluminum tube (1111-S), Figure 29. The upper shock attachments are
made from aluminum spacers (1112-S1) and helicoils (1112-S2). I used a metal chop saw to cut
the tube to length for the left siderunner (1110-L) and the right siderunner (1110-R). I
dimensioned and drilled two ¾” holes all the way through the rectangular aluminum tube.The
aluminum spacer was inserted into the hole and TIG welded all around, Figure 30. The center of
the aluminum spacers were drilled and tapped with a 21/64” drill bit and the tap included in the
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helicoil kit. The helicoils were installed in the tapped holes with the helicoil tool. For the left
siderunning we had to make some changes to the original design to allow more adjustability for
the rear leg support. The end of the siderunning was cut off and replaced with ¾” aluminum
tube, Figure 31.

Figure 29. Rendered left siderunner (frame rail) rectangular aluminum tube with drilled mounting holes.

Figure 30 . Tig welding aluminum spacers to siderunner.
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Figure 31 . ¾” tube welded to the rectangular siderunner.

6.2.2 Curved Crossmembers - 1120
The crossmember supports, Figure 21, is made of ½” circular aluminum tube (1120-S). In our
original design, the crossmember consists of a single bend forming a semi-circle, shown in
Figure 32.

Figure 32. Curved crossmember support made from bent circular aluminum tubing.
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Due to limitations in accessing proper bend tooling, we bent the crossmembers with two smaller
radii bends, forming a more rectangular crossmember. We calculated the proper lengths
needed to achieve our required dimensions based on the bend radius of the Imperial 3/16 in. to
1/2 in. Triple Header Tube Bender, Figure 33.

Figure 33. Triple header tube bender.

I cut the ½” circular aluminum tube to length, marked it, and inserted it into the tube bender. I
made a 90 degree bend and slightly overbent it to account for spring back. I then made the
second 90 degree bend on the other end of the tube. Due to the wall thickness of the tube, I had
to use two tubes inserted over the ends of the bender, Figure 34, to get more leverage to bend
the tube.

Figure 34. Triple header tube bender with added tubes to increase leverage
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I used a flat table and speed square to position the crossmembers (1120) and the siderunners
(1110-L and 1110-R). The parts were dimensioned appropriately and everything was clamped in
place using C-clamps. I tacked all joints between the crossmembers and the siderunners. Then,
I checked all dimensions and angles, and I verified that the siderunners are parallel. Everything
was then fully welded together, Figure 35.

Figure 35. Tig welding crossmembers to siderunners.

6.2.3 Trailing Arm Attachment - 1130
The trailing arm attachments (1130), Figure 36, consist of a ½” circular aluminum down tube
(1120-S) and a ¾” circular aluminum bolt-through tube (1130-S). There are two identical trailing
arm attachments. These operations were performed twice to create the trailing arm attachment
for each side of the frame. I cut a 6” long piece of ½” aluminum tube and a 1” long piece of ¾”
aluminum tube with the chop saw. I notched the end of the ½” aluminum tube with a ¾” drill bit
perpendicular to the length of the tube. The ¾” tube piece was fit in the notch of the ½” tube,
positioned correctly, and welded all around.
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Figure 36. Rendered trailing arm attachment.

I placed the frame on the table with the 1” face of the siderunner (1110-L or 1110-R) flat on the
table. C-clamps were used to hold the frame in place. The trailing arm attachment was fit to the
siderunner (1110-L or 1110-R) so that the bolt through tube was perpendicular to the length of
the siderunner tube. More C-clamps clamped the trailing arm attachment in place. I tacked the
down tube to the siderunner, used a quick square to verify perpendicularity, and welded all
around.
The support piece between the siderunner and downtube is made from 1” x ¼” aluminum flat
bar (1133-S). There is one of these support pieces for each side: left and right. I cut these
pieces from the flat bar stock. The cut piece of flat bar was fit between the siderunner and the
downtube with the cut faces flush against the siderunner and the downtube. The larger flat side
of the flat bar is parallel to the larger flat side of the siderunner. The flat bar was tacked in place
to the siderunner and the down tube. I verified the alignment and welded all around.
6.2.4 Padding - 1140
We were not able to fully complete this step by the time of this report. The plan is to place
padding where the cart could come in contact with Aspen’s body. The padding will be applied
after spray paint is sprayed on the frame. To apply the foam tape (1141-S) we will cut it into
strips, remove the adhesive backing, and press it onto any pressure points. The most important
pressure point is the rear leg support bracket. We will also apply padding to the inner side of the
siderunners.
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6.3 Trailing Arms - 1200-L and 1200-R
The left and right trailing arms are virtually identical. The right arm is pictured in Figure 37. I
followed the steps below for manufacturing each trailing arm and referenced the appropriate
drawings.

Figure 37. Trailing arm with arm, frame attachment bracket, lower shock mount, and wheel attachment.

6.3.1 Arms - 1210-L and 1210-R
The main section of the trailing arms, the arms (1210-L and 1210-R) are made of 1” x ½” x ⅛”
rectangular aluminum tube (1111-S). I used a metal chop saw to cut the tube to length for the
left trailing arm and right trailing arm.
6.3.2 Frame Attachment Bracket - 1220-R and 1220-L
The frame attachment bracket (1220-R or 1220-L) for mounting the trailing arm (1210-L or
1210-R) to the frame (1100) is made of 1” x ¼” aluminum flat bar (1133-S). I marked and cut the
aluminum flat bar to make two identical pieces and a third longer piece. The trailing arm was
placed on the table and the two pieces of flat bar were clamped to the trailing arm and the
longer piece of flat bar. I also fit the ¾” tube piece from the frame in between the two pieces of
flat bar to ensure everything fit. I verified alignment and welded all around. I also drilled a ½”
hole all the way through for frame attachment. I tested fitment with the ½” bolts. Figure 38
shows the bracket welded to the arm.
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Figure 38 . Frame attachment bracket welded to trailing arm.

6.3.3 Lower Shock Mount - 1230-L and 1230-R
The lower shock mounts (1230-L or 1230-R) for mounting the shocks to the trailing arms are
made of 1” x ¼” aluminum flat bar (1133-S). I marked and cut the aluminum flat bar to make two
identical pieces and a third longer piece. The trailing arm was set on the table and the two
pieces of flat bar were clamped to the sides of the trailing arm. There is one piece on each side
of the trailing arm on the ½” side of the tube. I welded the pieces of flat bar and then drilled the
mounting hole all the way through. Figure 39 shows the lower shock mount welded to the arm.
After testing, we realized that the cart needs to be taller. To achieve this, we plan on cutting
pieces of flat bar and welding them onto the end of the current shock mounts to extend them.
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Figure 39 . Lower shock mount welded to trailing arm.

6.3.4 Wheel Attachment - 1240-L and 1240-R
The wheel attachment (1240-L or 1240-R) is made of ¾” circular aluminum tube (1130-S). I
used a ½” drill bit to drill out the inside of the ¾” tube because the inside hole of the tube was
slightly smaller than ½”. I then slid the axle into the tube to make sure it fit snugly, Figure 40. I
marked and cut the tube with the chop saw. Using a tube notcher, I notched the end of the
trailing arm opposite of the frame attachment bracket. I fit the tube in the notch and welded all
around. I inserted the jogging stroller rear wheel (1900-L or 1900-R) axle into the circular
aluminum tube and clamped them together in a vice. I drilled a ¼” hole through the aluminum
tube and axle for the clevis pin hole. I assembled everything to ensure proper fitment, Figure 41.
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Figure 40 . Axle fits snugly inside ¾” tube after drilling out inside of tube.
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Figure 41 . Wheel axle, clevis pin, and trailing arm assembled.

6.4 Harness - 1300
The Icon Air Modular Dog Harness (1310) was sourced from Ray Allen Manufacturing. This
harness has a modular system of loops. The harness is attached to the frame (1100) with
polyester hook and loop straps (1320). I looped each strap through the MOLLE panel on the
side of the harness and around the siderunner. The strap can this be attached to the hook and
loop section on the top of the harness. In total, four straps, two on each side, will loop through
the side of the harness to attach to the frame siderunners (1110-L and 1110-R). I also looped an
extra strap through the sternum section of the harness and around the frame crossmember
(1120). Figure 42 shows the harness strapped to the cart.
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Figure 42. Harness strapped to the cart with hook and loop straps.

6.5 Rear Leg Support - 1400
6.5.1 Padding - 1410
We opted to use the adhesive strip padding on the rear leg support (1420) where it comes in
contact with Aspen’s body.
6.5.2 Cup - 1420
We 3D printed the cup based on a scan, Figure 43, of a mold of Aspen’s hip. The first print had
the wrong printer settings and came out as an inverse of the part that we actually wanted,
Figure 44 and Figure 45. We adjusted the slicer settings and redid the print. For padding, we
applied foam tape (1141-S) in strips that contoured to the shape of the 3D printed part.
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Figure 43. 3D modeled hip mold.

In order to create a rear mount that perfectly supported Aspen’s amputation site, a mold was
created from cast tape, which is typically utilized in the healing of broken bones. It was applied
in a manner similar to paper mache along Aspen’s left hip bone and let cure.

40

Figure 44 . Inverse 3D print side.
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Figure 45. Inverse 3D print top.

6.5.3 Mounts - 1530
The mounts are made of 3/4" tube set screw fasteners (1531-S) and some scrap 1/16” steel sheet metal
(1532-S). The sheet metal was cut and drilled to make tabs. I welded these tabs to the set screw
fasteners. The mounts are shown already bolted to the rear leg support in Figure 46 and Figure 47.
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Figure 46 . Rear leg support mounts rear view.

Figure 47 . Rear leg support mounts side view.

6.6 Air Shocks - 1700
We used an air pump to adjust the air shock chambers to the proper psi. We opted for tuning
the shocks to be as soft as possible without sacrificing height.
6.7 Jogging Stroller Wheels - 1900-L and 1900-R
The wheel assembly includes a bearing and axle. The ½” diameter axle was drilled in section
6.3.4. The wheels, Figure 48, are left and right rear Baby Trend jogging stroller wheels.
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Figure 48. Baby Trend rear replacement jogging stroller wheel.

After assembling the wheel and trailing arm, the end of the axle stuck out too far as seen in
Figure 49. It was cut off flush, as seen in Figure 50.
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Figure 49. Axle sticking out of the end of wheel attachment tube.

Figure 50 . End of axle cut flush.
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6.8 Assembly
Step 1
We mounted the trailing arms (1200-L and 1200-R) to the frame (1100) with the trailing arm to
frame hardware (1600). The ½” bolt (1610-S) was inserted through the frame attachment
bracket (1220-L and 1220-R) and trailing arm attachment (1130) ¾” circular aluminum
bolt-through tube (1130-S). Each bolt was secured with two nuts (1620-S) and two washers
(1630-S). We tightened the first nut and then tightened the second nut against the first nut.
Step 2
The air shocks (1700) were mounted to the trailing arms (1200-L and 1200-R) with shock
hardware (1800). We inserted a bolt (1810-S) through each trailing arm lower shock mount
(1230-L and 1230-R) holes and added washers (1830-S) on either end with a nut (1820-S) to
secure. This process was repeated to mount the shock absorbers to the upper shock
attachments (1112-L and 1112-R). The upper shock bolts bolt into the helicoil (1112-S2) in the
threaded aluminum spacer (1112-S1).
Step 3
The jogging stroller rear wheels (1900-L and 1900-R) were mounted by sliding the axle into the
wheel attachment (1240-L and 1240-R) ¾” circular aluminum tube (1130-S). We inserted the
clevis pins (1240-S) to secure them.
Step 4
The rear leg support cup/bracket (1420) was mounted onto the left frame siderunner (1110-L)
using the rear leg support hardware (1500). We inserted bolts (1510-S) through the leg support
cup/bracket and washers (1530-S). These were secured with nuts (1520-S). Lastly, we
tightened set screws on the mounts.
Step 5
The next step, after verifying all the components fit correctly, is to disassemble and paint. We
were not able to complete the painting step by the time of this report. We still plan on painting
the cart.
Figure 52 and Figure 53 show the cart assembled without the harness. Figure 51 shows the cart
assembled with the harness attached.
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Figure 51. Assembled cart, no harness, rear view.

Figure 52. Assembled cart, no harness, side view.
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Figure 53 . Assembled cart, with harness, side view.

7. Design Verification
To meet the necessary engineering specifications we defined earlier in our project, we ran tests
on our solution at various steps of prototype ideation. To keep track of the progress of our
testing, we created a DVP&R (design verification plan and report), Appendix H. This defines the
parameters for the necessary testing including the acceptance criteria, test responsibility, test
stage, and quantity and type of samples tested. Our design needed to pass acceptance criteria
in six different tests; of which we will measure the average walking time, average off-roading
speed, corrosivity of materials, tipping angle, time to attach/remove, and abrasiveness of
materials in contact with Aspen.
We completed one test on our structural prototype, four tests on our functional prototype, and
one test with just material stock. The testing began after the critical design review stage and
was independently run by each member assigned. This individual responsibility is a necessity to
ensure that our work is evenly divided and members take on an equal share of the work. For our
tests, we documented our testing setup, procedure, and results with pictures and videos. We
also added descriptions of the results we achieved and how well they met our acceptance
criteria. The material corrosion test was performed before manufacturing began because it only
required stock materials. All other tests were conducted after manufacturing of the verification
prototype was completed in October. We obtained the necessary equipment to perform these
tests before we began testing. These materials include spare aluminum stock, a bucket of
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water, various weights, a scale, a protractor, a plywood board, c-clamp, pvc pipe, microfiber,
stopwatch app, and distance tracking app.
Our most critical test results were from the walking (#1, Appendix H) and offroading test (#2,
Appendix H), because the results are clear indicators of how well our design meets its goals.
One scenario that we needed to prepare for is if Aspen travels slower in the cart than she does
without it (result of walking test). These tests required relative terrain (rocky/uneven for
offroading test, flat concrete for walking test) and Aspen was brought to each. Our acceptable
results of these tests should show a minimum walking speed of 3 mph on rough terrain and
minimum walking time of 10 minutes. Aspen’s comfort is imperative to the efficacy of the cart,
therefore we have designed many of our connections to be adjustable to ensure that at least
one of the configurations will be comfortable. The adjustable parts of our design include the
shock angle, shock pressure, and harness tightness at back of front legs, ribcage, shoulders,
waist, etc. Initially, Aspen felt uncomfortable within the cart after the adjustments are made due
to an unexpected height difference between the cart and Aspen. We made some small design
changes to the cart, resulting in Aspen being more comfortable using the cart. The results of the
abrasion test should have pointed out contact point issues, but our simulations are not 100%
applicable to the real world application. If there are issues after this, we would need to work
directly with Aspen to discover the source of her discomfort.
As Aspen will not always be on flat ground due to living in the Bay area and going on hiking
trails with lots of grade changes, we needed to determine at what angle our cart tips. The
information from the tipping moment test (#6, Appendix H) will prevent Aspen’s owners from
walking her on slopes that could potentially cause cart tippage and injury to Aspen.
For this test we created a tipping platform from a plywood board and a pvc pipe attached to the
front-center location of the board. This pvc pipe acts as the front support for the cart, where
typically Aspen would support the weight. The top of the pvc pipe was clamped to the front of
the cart, approximately where Aspen’s shoulder would be. To run this test, two people were
needed, one to support the plywood board, and one to measure the tippage angle. The method
that was utilized for measuring the tippage was to place the left or right side of the plywood
(relative to cart) at the edge of a table surface to support it, and raise/lower the opposite side of
the plywood to tip the cart.
To ensure the cart does not corrode after long term exposure with water, mud, etc. we needed
to determine the corrosiveness of its materials. In the corrosion test (#3, Appendix H) we
submerged spare cart materials in a water solution and checked for corrosion over a period of 8
hours. The frame of our cart is made entirely from aluminum, which was placed in a rainwater
solution to determine corrosion levels.
Due to the coronavirus, we were unable to easily test with Aspen first-hand. Therefore, the
sponsor’s were given the operators manual and testing procedures to run the walking,
offroading, and connection time tests. We video-called them while they performed the tests to
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trouble-shoot and ensure that the data collected is accurate to our expectations. All of the
materials needed for testing were delivered to the sponsors with the cart to ensure the testing
variables are constrained.
8. Project Management
The design process for this project will take over approximately a year, beginning in January
2020 and ending in December 2020. Each quarter of the project has key deliverables that need
to be accomplished by the proposed date in order to keep the project moving at a steady pace.
The proposed deliverables and their dates are given in Table 4. The Scope of Work outlines the
problem that this project is attempting to solve. We presented this to the sponsors to review and
they confirmed that the problem definition was accurate. The Preliminary Design Review Report
was used to create a presentation for in-class. Following the in-class presentation we presented
our design concept prototype and Preliminary Design Review Report to the sponsors. The
Preliminary Design Review was developed to outline the brainstorming, concept generation, and
design decision processes. The report document was presented to the sponsors to ensure that
our chosen design was acceptable to move forward with. The Interim Design Review is an
informal presentation giving an update on the project after the Preliminary Design Review. We
presented our updated CAD model, showcased all the major components, discussed test plans,
and considered any upcoming design hurdles. The Critical Design Review included everything
from the Interim Design Review along with a complete manufacturing plan and outline of all
planned tests. The months following included performing all necessary tests to ensure proper
functionality of the prototype. These tests were performed by the team and the sponsors. The
results of these tests were used to iterate on the design and eventually to produce a final
product for the Senior Project Expo. At the end of this project, we will deliver a fully functioning
product to the sponsors for everyday use by Aspen.
Table 13. Deliverables list with due date.

Deliverable

Date

Scope of Work (SOW)

01/03/2020

Preliminary Design Review (PDR)

02/27/2020

Interim Design Review (IDR)

04/09/2020

Critical Design Review (CDR)

04/30/2020

Manufacture/Test Review

06/04/2020

Confirmation Prototype Review

10/20/2020

Expo

11/27/2020

Product Delivered

12/3/2020
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8.1 Design Process
To begin we reviewed the design specifications, QFD, and background research in order to
direct the ideation process. Brainstorming sessions helped to develop lists of potential ideas.
Some of these ideas were made into concept models to test for feasibility. We used a variety of
decision matrices, shown in Appendix D, to analyze the possible design solutions and test them
against the customer wants and needs from the QFD. We chose a design and made a prototype
using 3D printing components together with scaled down parts. Further FEA of this design
showed stress concentrations that could cause failure, so the cart was redesigned with thicker
material at stress concentration sites and lighter material elsewhere to keep the weight at a
minimum.
8.3 Gantt Chart and Deadlines
The Gantt Chart, Appendix C, contains all important scheduling and deadlines. Each quarter of
the senior project became more intensive so we used the Gantt Chart to stay aware of our
commitments and to schedule them around our milestones and deliverables.
9. Conclusions and Recommendations
Our FDR report delves into the goals and objectives we have achieved and set for ourselves in
order to satisfy Aspen and her family, Robin and Audrey. Our journey began by gaining a view
into our customers’ lives with Aspen through conversations, researching past products, and
defining the problem by which our product should solve. From there, we created measurable
specifications by which our customer’s needs could be met through testing or analysis. After
comparing our customers' needs to our specifications in our house of quality, we turned towards
the design portion of our project and brainstormed. We defined the three functions our solution
needed to perform and our most lucrative ideas were made tangible through concept models.
We compared each model by function to determine the theoretical best combinations and
utilized a decision matrix to rate all of these combinations. The results given by these sources
lead to our final design choice of a trailing arm suspension cart with hip straps and harness,
which we created a CAD model of. Through hand calculations and finite element analysis, we
have gone through several iterations of our design. The components of our design have been
chosen to ensure our final product has an acceptable factor of safety and is composed of
budget friendly materials. Once our final design was confirmed, we ordered our materials and
pre-made components. Most of the manufacturing stage occurred at Parker's place of work, with
welding being completed by professionals. The frame had to be TIG welded and testing to verify
our current design. With some constraints to manufacturing and testing due to the pandemic, we
were able to develop a final prototype. The prototype was tested and modified to exceed design
criteria. We found that Aspen still favored her rear leg when walking with the cart, not resting her
rear on the support as we had hoped. She had a hard time adjusting to using the cart in our
brief testing periods that were able to be done with her. A few easy solutions have been
considered and will be added to the cart in an ongoing fashion to give Aspen as comfortable
and as easy a transition into the cart as possible. The manufacturing stage was very stressful
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due to requirements placed upon our team by coronavirus, which is why manufacturing was
completed at Parker’s place of work.
9.1 Recommendations
There are a few aspects of our design that should be modified in future projects. The design did
not fit Aspen as perfectly as we hoped, as shown by our poor walking test results. We
incorporated adjustments for fitment, but not quite enough. The cart could be modified further to
be more highly adjustable. Also, the wheels could be more optimized to reduce weight and
friction, as they were mainly selected for availability and ease of installation/replacement. The
wheels ended up being the heaviest component on the cart, which, while good for stability, adds
weight to a system designed to be as light as possible.
To avoid issues like this in the future, our team recommends confirming every design choice
with a physical test on the dog that the cart is being designed for. The cart requires extreme
precision in fit, and this is very difficult to do with static measurements, as dogs are organic and
can change in shape and size. As stated above, adjustability can help with this, but when trying
to make such a specific support as Aspen, and other dogs, need, testing must be done to
ensure a proper fit early in the manufacturing process. The pandemic was a large reason why
this was unable to occur in our senior project, so hopefully any future, similar project will be
more successful.
Once testing the cart on Aspen, we found that our method of mounting the cart to her could be
improved in a few key areas. Instead of dropping the cart on from above, we found that it was
easier to mount the cart from behind. This allows the cart to follow the natural contours of her
body. However, this introduced a design issue, as the rear leg support would be in the way of
the cart being mounted in this orientation. Our team discussed adding a quick release mount to
the rear leg support to aid in quick disassembly of the part.
9.2 Next Steps
We recommend our sponsors to keep in touch with us for any design changes or further
information that they want on the cart. Most of The Underdogs will be continuing schooling at
Cal Poly, so we will be able to help with adjustments or design changes of the cart as needed.
We are committed to helping Aspen!
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Appendix A: Relevant Products
Creator

Picture

Info

Pro’s

Con’s

Bionic Pets

Plaster molded
cast that is
strapped across
the dog with a
peg leg and
circular plastic
bottom

Molded
specifically for
dog,
Doesn’t need a
leg nub to
attach too

Difficult for a
dog to run due
to peg leg
attachment,
Requires exact
sizing

University
of
Delaware
Senior
Project

Circular piece of
flexible plastic
attached to a
front body brace

Can deal with
any impact
angle. Front
brace keeps
prosthetic
secure

Flimsy and
uncomfortable.
Unnatural
movements.

3D
Systems

Prosthetics for
deformed front
legs

High mobility,
high speeds,
fits nicely and
doesn’t harm

Requires a limb
remainder to
attach to

K9 Carts

Cart is
connected to
band around the
back of dogs
front legs and
shorts on the
rear legs

Very stable,
high speeds,
seems
comfortable,
adjustable size

No place for
Aspen’s rear
leg to rest, a
little expensive

OrthoPets

Prosthetic wraps
around limb with
straps and offers
joint support

Contains joints
making walking
and running
more natural

Requires a limb
remainder to
attach to

Eddie’s
Wheels

Attaches around
the waist and
chest and
relieves rear leg
stress

Can change
the balance of
cart,
waterproof,
easy to attach

Slightly
unstable,
difficult to lift
legs up, slightly
expensive

55

Appendix B: Quality Function Diagram
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Appendix C: Project Gantt Chart
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Appendix D: Pugh and Decision Matrices
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Appendix E: Design Hazard Checklist

Y

N

✔

1. Will any part of the design create hazardous revolving, reciprocating, running, shearing,
punching, pressing, squeezing, drawing, cutting, rolling, mixing or similar action, including pinch
points and sheer points?

✔


2. Can any part of the design undergo high accelerations/decelerations?

✔


3. Will the system have any large moving masses or large forces?

✔

4. Will the system produce a projectile?

✔

5. Would it be possible for the system to fall under gravity creating injury?

✔


6. Will a user be exposed to overhanging weights as part of the design?

✔


7. Will the system have any sharp edges?

✔


8. Will any part of the electrical systems not be grounded?

✔


9. Will there be any large batteries or electrical voltage in the system above 40 V?

✔

10. Will there be any stored energy in the system such as batteries, flywheels, hanging weights or
pressurized fluids?

✔

11. Will there be any explosive or flammable liquids, gases, or dust fuel as part of the system?

✔


12. Will the user of the design be required to exert any abnormal effort or physical posture during
the use of the design?

✔


13. Will there be any materials known to be hazardous to humans involved in either the design or
the manufacturing of the design?

✔


14. Can the system generate high levels of noise?

✔


15. Will the device/system be exposed to extreme environmental conditions such as fog, humidity,
cold, high temperatures, etc?

✔


16. Is it possible for the system to be used in an unsafe manner?

✔

17. Will there be any other potential hazards not listed above? If yes, please explain on reverse.
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Description of Hazard

Planned Corrective Action

Planned
Date
02/24

Actual
Date
03/28

If a cart is used, on terrain with
large slopes the cart can
experience large accelerations
which could prove harmful to
Aspen.

The design will be kept lightweight. Our design
utilizes lightweight materials and is kept simplistic
to be easily under 15 lbs.

This solution could possibly be
used in extreme weather
conditions common to the
Berkeley area such as rain, fog,
mud, and relatively cold and hot
temperatures.

Materials need to be water and corrosion proof.
Solution needs to have enough traction to work
properly in slippery/muddy situations. The design
will be built from aluminum which doesn’t rust like
steel. A clear coat will also be applied to the design
to protect it from the elements.

03/03

03/28

If the solution is not properly
attached to Aspen, it can be used
in a way that could cause her
harm. This could lead to pinch
points, hip pain, and unnecessary
stresses

Teach users how to properly attach and use. Create
visual and written instructions for attaching and
removing. This will be done in the future now
because it is not necessary until manufacturing is
complete.

02/29

05/20

There will be moving parts in the
design suspension and wheels that
could create pinch points.

Joints and wheels will be placed far enough away
from Aspen that they won’t harm her. If a joint is
located close to Aspen’s body, it will have a cover
or barrier between the joint and Aspen’s body.

02/24

03/28

Cut parts could have sharp edges
and burrs.

Deburr. Use protective covers on any sharp edges.
We will do this once we begin manufacturing stage

04/16

05/10

Shocks and springs have stored
energy.

Off the shelf products will have safety
considerations built in. Shocks and springs will be
placed beside Aspen’s body in the design and not
underneath her.

02/24

04/28

Movements in the cart could cause
abrasions to Aspen

Use straps to secure the cart to Aspen’s harness.
Use foam so displacement and vibrations are
absorbed directly into the body rather than through
the skin

04/28

05/04

Large force on wheel could cause
bent wheel stokes (from sudden
start/stop)

Deflection analysis with high FOS to prevent high
deflections within the cart. Brackets strengthen
connection points.

05/20

05/27
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Appendix F: Brainstorming Ideation
Hold Aspen

Move Aspen

Stabilize Aspen

Prevent injury

Attach to
Aspen

Couch (rolly)

Burly man +
scooter

Wheelchair

Ripstick

Memory foam

Cane

Airbags

Harness

Chariot

Prosthetic leg

Inflatable
Hovercraft

Ball joint foot

Pool noodles

Hiking stick
poles

Pillows

Straps

Skirted
hovercraft

Peg leg

Quadcopter

Stroller

Pillows

Hiking shoes

Even pressure TIe down with
distribution
ratchet

Balloon

Wheelbarrow

Wings

Trailing arm
suspension

Bungee Cord

Unsprung
weight

Quick release

Spring scooter Velcro

Tank Treads

Leaf pack
suspension

Compression
wrap

Woven basket Crumple zone

Chip clip

Jetpack with
wheels

Gym class
scooter

Air shock
suspension

Skateboard

Seaweed
brace

Bumper cars
(bumper rails)

Screw on
attachment

Leg Braces

EVA foam
body brace

Smooth
surfaces only,
no sharp
edges

Magnets

Glue

Clamp

Jetpack with
suspenders

magnets

Ski

Coil
suspension

Extremely
large wheel

Claw machine

Small wheels

4-link

Springs

HOVR Midsol

Cast

Custom
formed cast

Bouncy ball

Pool floaty

Rollerblades

Large wheel

Training
Wheels

Yoga balls

Helmet

Webbing

Boat

Horse

Electric
Skateboard

Screw wheels

Wheel Leg

Alert sensors

Knee pads

Tailgate latch
mechanism

Water jet

3d-printed
attachment

Boston
Dynamics style Springed arms Wheelchair
robot

Shocks

Splint

Webbing

Group of small
Shelf
birds

Jet propulsion

Train system

6 Leg Robot

Sway bar
Hip dysplasia
(torsion spring) brace

Saddle

Scooter

Shoelaces

Large tractor
tires

Angled duct
fan lifters

Strandbeest

Leaf springs

Sunglasses

Snap on
buttons

Suspender

Magnets +
skateboard

Hovercraft

Helium
balloons

Bedding

Water bottle
attached

Seatbelt

Tracks

Fan

Hoverboard

Hoverboard

Two jetpacks

Osha
standards

Elastic band

Large wheel corkscrew

Ski

Balloon and
wind sail

Segway

Roots

Joint braces

Strap cinch

Small wheel

Tweezers

Hot air balloon

Magnetic
levitation

Gravity
Modifiers

White cane

2 part quick
disconnect

Aluminum,
carbon,
composite

Tongs

Vibrating
rubber legs
(bristlebot)

Balance board Bumpers

Yellow hazard
lines

Glue

Jetpack

Pallet jack

Catapult

Peg leg

Strengthen
muscles

Pneumatic
quick connect
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‘X’ harness

Hold Aspen

Move Aspen

Stabilize Aspen

Prevent injury

Attach to
Aspen

Springs

Chip clip

Upload aspens
mind into
virtual body

2 dogs (one on
Gyroscope
each side)

Stretching
before
exercise

Plunger

Bridge

Velcro Diaper
Contraption

Grappling
hook

Harness

Hydration

Suction cup

Burly dog

Tension
Strings

Tractor

Rocket support
Anti gravity
arms

Well balanced
diet

Vacuum

Wings

PVC piping

Pneumatic
actuator

Spiderlegs

Collision
avoidance
system

E-clips

Brightly
colored
(construction
safety vest)

Velcro

Led lights for
at night

Zipper

Car

Side Crutches

Crab leg walk

Crutches

Spool

Tightrope pole Parachute

A smaller dog

Counterweight
Pallet jack
System

Gyroscope

High surface
area cart
wheels

Sled

Paddleboat

Dolly

Jello

One large rear Safety
wheel
reflectors

Magnets

Flying Turtle
Scooter

Scooter

Structural
trusses

Hammock

Large mouse
trap

Push Lawn
Mower

Skateboard

Dual prop lifter Foam
Small personal
Ice Block
aircraft

Lego tube stud
system

Sensors to
notify owners
of issues

Pin hole
system

Leather

GPS chip

Connector
latch (electrical
pin plug)

Engine hoist

Spider web

Soft tires

Plastic buckle

Airplane

Body sioy

Lost and found
Surgery
tag

Hamster wheel

Lightweight
Tubing

Burly man

Fabric

chamfer/fillet

Catapult

Wooden
support

WALLE

Buoys

Foam and
Plastic spokes
molded casting
for wheel
plate

Large bird

Pneumatic
Large bird
Anti-flex tubing

Wide wheels

Limited
Suspension
Travel

WALLE

Rope/Pulley
System

Conveyor belt

Air bags

Variable speed Permanent
capability
Magnets

Wheelchair

Hip brace

Forklift

Muscle model

Bright Color

Prescription
bottle locking

Harness

Silicon
attachment

Sled

Water jet

Low CoG

Slap bracelet

Scooter

Carbon fibre
composite

Alaskan sled
dog team

Shopping cart
base

Joint
overextension

Claw

Hands

A bow

Logs

Nike fly wire
tech

deburr

Twist Tie
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Shape
Memory Alloy

Cotter pin

Hold Aspen

Move Aspen

Stabilize Aspen

Prevent injury

Attach to
Aspen

Chair (rolly)

Clipped Straps Wheelbarrow

Coen leg

Electromagnet
s

Skateboard

Zipper outfit

Shoes

Ottoman

Rubber
balloon

Burly man

Button pants

Boat

Rocket
stabilizer

Fans on either
side

Crane

Fabric dipped
in resin

Loop around
other leg

Cart

Wing suit

Sap

Attach to other Floatie and
dogs
Water
Hung w/ string

Ice Cube and
water

Bigwheel

Omnidirectiona
Trailer
l wheel

Rock climbing
rope + harness

Held on by
human

Recliner

Spherical bb8

Surfboard wax

Downforce
causing
devices

Helicopter

Polycarbonate
Motor in leg
leg attachment

Crutches

Flywheels

Forklift

Single wheel
rear wagon

Series of
springs

Ski poles

Sticky rubber

Yoga ball

Bike Cart

Hoverboard

Wide stance

Mechanical
Teeth

Dolly

Wagon with
brakes

Rubber band
powered leg

Baby child
swing

Mechanical
Hand

Cherry picker
(engine hoist)

Bounce House Linear actuator

Walkeer

Smart
Materials

Bicycle
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Appendix G. Failure Mode and Effect Analysis
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Appendix H. Design Verification Plan and Report and Test Procedures
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Test Procedure
Test #1: Walking Test *requires Aspen
Description of Test:
There will be one test to ensure that Aspen can maintain a walking pace over flat, even terrain.
Safety Procedures & PPE:
Wear closed toed shoes. Bring water and a bowl.
Required Materials:
● Functional Prototype cart
● Harness
● Stopwatch
Location Requirements:
Loosely populated hiking trail with at least some uneven, rocky terrain.
Testing Protocol:
1.) Mount cart to Aspen
2.) Start stopwatch
3.) Walk Aspen at comfortable pace (around three miles per hour)
4.) Stop stopwatch when Aspen slows or stops
5.) Record time
6.) Write down qualitative indicators of Aspen’s current physical condition
7.) Repeat steps 1 through 5 after appropriate break time if necessary
Data:
Table H1 . Walking Test Data.

Trial Number

Time walked
[minutes]

Visual indicators of Aspen’s physician condition

1
2
3
4
Results:
The cart did not properly fit Aspen which caused this test to fail. We were able to get the
harness and cart attached to Aspen and adjusted, but the cart was not tall enough, as seen in
Figure H1. This resulted in the cart angled back which created pressure points on Aspen’s body.

70

Although the cart did fit on Aspen and support her, we did not feel comfortable running this test
to its full extent with the possibility of injuring Aspen.

Figure H1 . Aspen in the cart with the cart raised off the ground..

To help get the correct cart height, I replaced the shocks with a strip of steel with holes drilled in
it, Figure H2. This allowed us to hold the cart up and fit Aspen in it.

Figure H2 . Faux shocks supporting cart.
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There were still a few issues with fitment including the rear leg support being too far forward.
Also, Aspen still favors her right rear leg and tries to hop on her leg instead of supporting herself
on the cart. She will have to learn how to use the cart. She will rest her amputated limb on the
rear leg support when she is standing still, but she starts to lean away from it when she’s
walking. Due to this, we were unable to complete this test. We still got useful information on
fitment changes for the cart.
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Test Procedure
Test #2: Offroading Test *requires Aspen
Description of Test:
There will be one test to ensure that Aspen can maintain a walking pace over uneven terrain.
Safety Procedures & PPE:
Wear closed toed shoes. Bring water and a bowl.
Required Materials:
● Functional Prototype cart
● Harness
● Stopwatch
● Phone with distance-tracking app
Location Requirements:
Loosely populated hiking trail with at least some uneven, rocky terrain.
Testing Protocol:
1.) Mount cart to Aspen
2.) Start stopwatch
3.) Walk Aspen at comfortable pace (around three miles per hour)
4.) Stop stopwatch when Aspen slows or stops
5.) Record time
6.) Write down qualitative indicators of Aspen’s current physical condition
7.) Repeat steps 1 through 5 after appropriate break time if necessary
Data:
Table H2. Offroading Test Data.

Trial
Number

Time
walked
[minutes]

Distance
walked
[miles]

Visual indicators of Aspen’s physician condition

1
2
3
4
Results:
The results of this test were the same as the walking test. The cart did not properly fit Aspen
which caused this test to fail. We were able to get the harness and cart attached to Aspen and
adjusted, but the cart was not tall enough. This resulted in the cart angled back which created
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pressure points on Aspen’s body. Although the cart did fit on Aspen and support her, we did not
feel comfortable running this test to its full extent with the possibility of injuring Aspen. We
attempted to run this test again, but we encountered a few more issues. These issues are
outlined in the results of the walking test.
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Test Procedure
Test #3: Minimal corrosion in mixed weather conditions
Description of Test:
There will be an immersion of aluminum parts in a water solution to test whether or not they will
suffer from corrosion.
Safety Procedures & PPE:
Wear a face mask while spray painting aluminum stock.
Required Materials:
● Spray paint
● Stock aluminum
● Large waterproof tub
● Stopwatch
● Multiple pieces of Aluminum stock (around 2 inches)
Location Requirements:
No electrical outlets or objects nearby.
Testing Protocol:
1.) Use extra stock from manufacturing
2.) Spray three coats of spray paint on one of the pieces to protect the aluminum
3.) Fill large tub with water
4.) Place aluminum stock into water solution so that it is fully submerged
5.) Remove from solution every few hours for observation
6.) Record whether corrosion is visible
Data:
Table H3 . Corrosion Test Data.

Is corrosion visible?

Time

Raw stock

Painted stock

1.5 Hours

No

No

3 Hours

No

No

6 Hours

No

No

31 Hours

No

No

98 Hours

No

No
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Results:
The test was started on 11/3/2020 at 10:00 am. Two pieces of aluminum flat bar stock that was
left over from manufacturing were used in the test. One piece was painted and the other piece
was left raw. The painted piece was also scratched to simulate the cart rubbing on something in
the environment like a rock or tree. Both pieces were placed in the bucket of water and
observed over time. Figure H3 shows both pieces of stock when I first checked on them.

Figure H3. Painted and raw stock 11/3/2020 11:28am

I continued to observe the pieces and examine them throughout the length of the test. The
pieces seemed virtually unchanged. Figure H4 shows a close up of the painted piece and the
scratch. There are some flecks of paint around the scratch that are still holding on to the
aluminum. In Figure H5 you can see that some of these flecks of paint have fallen off. The paint
was also easily scratched. A thicker coat should help prevent this. The paint can also be
touched up and reapplied easily as the cart shows signs of wear. There are no signs of
corrosion and it should be a nonissue.

Figure H4. Painted stock 11/3/2020 11:28am
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Figure H5. Painted stock 11/4/2020 5:05pm
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Test Procedure
Test #4: Average time to mount cart to harness *requires Aspen
Description of Test:
Determining time how long it takes to connect and adjust the function cart to Aspen while she is
in her harness.
Safety Procedures & PPE:
Ensure Aspen is on a leash. Wear closed toed shoes. Reference Operator’s Manual for the
correct mounting procedure.
Required Materials:
● Stopwatch
● Chair
● Functional Prototype cart
● Icon Air dog harness
● Operator’s Manual
Location Requirements:
Flat open area with at least 10 feet of clearance from any side walls or objects.
Testing Protocol:
1.) Set up a chair in the middle of the open space.
2.) Primary test member sits in the chair and the secondary member brings Aspen on her
leash and in her harness over to the primary test member.
3.) Primary test member ensures Aspen in comfortably wearing her harness
4.) Secondary member randomizes the adjustment positions of the connections between
cart and harness (belt, buckle, etc)
5.) Primary member instructs the second member to begin the stopwatch
6.) Primary member begins to connect Aspen to the functional prototype. This “connection
time” is construed of loosely attaching all connection points from the cart to the harness,
but not adjusting them
7.) When the connection section is complete, they instruct the secondary member to lap the
stopwatch and write the time.
8.) The primary member then begins to adjust the connections between the cart and
harness (belts, buckles, velcro, etc). This “adjustment time” is construed of adjusting
connections to ensure the cart comfortably supports Aspen.
9.) When the adjustment section is complete, they instruct the secondary member to lap
the stopwatch and write the time.
10.)
Detach all connection points between cart and harness
11.)
Repeat steps 3-10 for remaining trials
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Data:
Table H4. Mounting Test Data.

Trial Number

Time [minutes:seconds]

1

1:18

2

1:28

3

0:48

Results:
We only ran this test once initially due to the cart being uncomfortable for Aspen. We reran the
test on 11/24/2020 for the other trials after the cart height was adjusted. The first trial includes
attaching the harness and the cart to Aspen. The remaining trials were only timed for attaching
the cart as the harness was already adjusted and attached to Aspen. The total time was under
our requirement of 2 minutes. Aspen isn’t used to the cart and was being difficult while attaching
the cart. Once she is comfortable with the cart, the mounting time should be even lower.
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Test Procedure
Test #5: Minimizing abrasion on Aspen from cart
Description of Test:
Rub delicate cloth over all contact points that Aspen could have with the cart until threads are
removed.
Safety Procedures & PPE:
Wear heavy-duty gloves while rubbing microfiber cloth to prevent abrasions to hands.
Required Materials:
● Stopwatch
● microfiber cloth
● Functional prototype with padding
Testing Protocol:
1) Locate contact points between Aspen and the cart.
2) Take pictures of the microfiber cloth’s original condition.
3) Vigorously rub microfiber cloth over contact points for 1 minute.
4) Examine microfiber for threads removed; if none, repeat.
Data:
Table H5. Abrasion Test Data.

Time before threads
were removed
[minutes]

Estimated # of
threads removed
[count]

>5

0

Results:
I used a blue microfiber cloth for the abrasion test. Figure H6 shows the condition of the cloth
before running the test. Figure H8 shows the condition of the cloth after the test. The cloth did
not show many signs of wear other than becoming dirtier. The cart was not cleaned before the
test so the cloth gathered any dirt, grime, and weld spatter that was on the cart.
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Figure H6. Cloth before test.

Figure H7. Cloth after test.
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Figure H8. Cloth after test, side view.

The only major contact points between the cart and Aspen are the rear leg support and the rear
leg support bracket, Figure H9. I rubbed the cloth mainly on this point. The bracket is smooth
and has no burrs, so no threads were removed from the cloth. Foam can be added to the
bracket to reduce the hardness of this pressure point. I rubbed the cloth on a few other points
on the cart, but I didn’t encounter any burrs.

Figure H9. Rear leg support bracket contact point.
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For a little bit of further testing, I rubbed my finger vigorously for 60 seconds on the foam
padding on the rear leg support, Figure H10. I experienced no excessive heat or wear on the
padding or my finger.

Figure H10. Rear leg support foam padding.
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Test Procedure
Test #6: Maximum incline angle before cart tip-over
Description of Test:
Place the cart on the plywood board and raise one end of the board until the cart tips over.
Safety Procedures & PPE:
The person lifting the plywood board should wear heavy-duty gloves.
Required Materials:
● Plywood board
● Protractor
● Functional Prototype cart
● PVC pipe 1’’ diameter
● C-clamp
● Level
● Heavy-duty gloves
Location Requirements:
Flat open area with at least 10 feet of clearance from any side walls or objects.
Testing Protocol:
a)
1. Cut PVC pipe to a length of 16”.
2. Clamp the PVC pipe vertically to the front of the cart at the siderunner. The cart should
now be supported in the front by the PVC pipe. Ensure that the cart is level.
3. Place the cart sideways on the plywood board with the left wheel at the edge of the
board.
4. Primary test member raises the plywood board from the opposite edge, while the
secondary member watches for tippage and prevents the cart from falling.
5. At the point of tippage, the primary member holds the position while the secondary
member measures the angle between the board and the ground with the protractor.
6. Repeat steps 3 through 5 for trial remaining trials
b)
1. Clamp a 15 lb weight to the siderunner at the rear frame support.
2. Repeat steps 3 through 5 from part a for remaining trials.
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Data:
Table H6. Incline Test Data.

Test Description
a) Just the cart

b)

Cart with clamped 15lb
weight

Trial Number

Angle [degrees]

1

43

2

43

3

44

1

27

2

27

3

26

Schematic:

Figure H11. Schematic of incline test setup.

Results:
Some modifications were made to the original test plan to ensure the test got accurate data. I
screwed metal tabs into the wood board to prevent the cart from sliding. These also helped the
cart to tip over from the farthest outward point, the wheel. The test setup and brackets can be
seen in Figure H12, Figure H13, and Figure H14.
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Figure H12. Incline test from view

Figure H13. Incline test back angled view.
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Figure H14. Incline test top down view.

For the second part of the test, I attached a 15 lb black bumper weight to the cart where the rear
leg support would attach, Figure H15. I secured the weight with zip ties. We originally planned to
use a protractor to measure the angle of the board when the cart tipped over. Instead, I used a
tape measure to measure the length of the board and the height of the board at tip over, Figure
H16. This method was easier and more accurate for calculating the angle compared to trying to
measure it with the protractor.
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Figure H15. Incline test with 15 lb weight strapped to cart.

Figure H16. Incline test being conducted with board and cart at an angle.

The results of the test exceeded our expectations. The results of part a with just the cart are not
as valuable. Part b simulates actual results with Aspen strapped into the cart and putting weight
onto the rear leg support so we focused on these. With an angle of 26° before tip-over, Aspen
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can safely attempt any hiking trail. If she turns sideways on a steep hiking trail she will still be
perfectly stable. The only issue that might arise is if there is a steep hillside next to a trail. We
recommend keeping Aspen on a leash while in the cart if a hiking trail is along a ridge or hillside.
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Appendix I: Indented Bill of Materials
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Appendix J: Final Project Budget
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Appendix K: Links to Product Literature for All Purchased Parts
Rectangular
Aluminum Tube

https://www.onlinemetals.com/en/buy/aluminum/0-5-x-1-x-0-125-aluminum-rectangle
-tube-6063-t52-extruded/pid/6865

Purple Paint

https://www.amazon.com/Dupli-Color-EMC204007-Purple-Metal-Anodized/dp/B002N
GPFFE/ref=sr_1_25?dchild=1&keywords=aluminum+purple+paint&qid=1605031776
&sr=8-25

https://www.onlinemetals.com/en/buy/aluminum/0-25-x-1-aluminum-rectangle-bar-60
Aluminum Flat Bar 61-t6511-extruded/pid/1143
1/2" Circular
Aluminum Tube

https://www.onlinemetals.com/en/buy/aluminum/0-5-od-x-0-065-wall-x-0-37-id-alumi
num-round-tube-6061-t6-drawn/pid/1210

3/4" Circular
Aluminum Tube

https://www.onlinemetals.com/en/buy/aluminum/0-75-od-x-0-125-wall-x-0-5-id-alumi
num-round-tube-6061-t6-extruded/pid/24388

Dryfast Foam

https://foamforyou.com/50-ild-for-seat-back-cushions.html

Foam Tape

https://www.amazon.com/Insulation-Stripping-soundproofing-Weatherstrip-Conditioni
ng/dp/B07RWYD46Y/ref=sr_1_24?dchild=1&keywords=weatherproof%2Bfoam%2Bt
ape%2B1%22&qid=1589232081&sr=8-24&th=1

Air Shocks

https://www.amazon.com/DNM-Damping-Mountain-Pressure-Adjustable/dp/B00FLT
Z2ZS/ref=sr_1_2?dchild=1&keywords=bike%2Bair%2Bshock&qid=1586450938&sr=
8-2&th=1

Aluminum Spacer https://www.mcmaster.com/92510A801
Jogging Stroller
Left Rear Wheel

https://www.ebay.com/itm/BABY-TREND-JOGGING-STROLLER-JOGGER-16-LeftRear-WHEEL-TIRE-Replacement-Part/193100487932?hash=item2cf5af9cfc:g:uUkA
AOSwqYZde~b-

https://www.ebay.com/itm/BABY-TREND-JOGGING-STROLLER-JOGGER-16-Right
Jogging Stroller
-Rear-WHEEL-TIRE-Replacement-Part/193100484877?hash=item2cf5af910d:g:Q~o
Right Rear Wheel AAOSwx4dde~Y8
Clevis Pin

https://www.mcmaster.com/98416a011

Icon Air Harness

https://www.rayallen.com/icon-air-harness

Casting Tape

https://www.amazon.com/ScotchCast-Casting-Yards-White-Single/dp/B01BCRED5
W/ref=sr_1_4?dchild=1&keywords=fiberglass+casting+tape&qid=1587490744&sr=84

Helicoil Kit

https://www.amazon.com/Helicoil-5546-8-Metric-Coarse-Thread/dp/B0002SREP4/ref
=sr_1_7?dchild=1&keywords=helicoil&qid=1588691755&sr=8-7

21/64 Drill Bit

https://www.amazon.com/Irwin-Tools-3016021-Single-High-Speed/dp/B000EV382C/
ref=sr_1_1?dchild=1&keywords=21%2F64+drill+bit+aluminum&qid=1588692344&sr
=8-1

Tube Bender

https://www.homedepot.com/p/Imperial-3-16-in-to-1-2-in-Triple-Header-Tube-Bender
-370FH/301051237

Hook and Loop
Cinch Straps

https://www.amazon.com/gp/product/B072J87GF8/ref=ppx_yo_dt_b_asin_title_o03_
s00?ie=UTF8&psc=1
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Appendix L: Drawing Packet
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Appendix M: Finite Element Analysis with accompanying Hand Calculation
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Appendix N: Operators’ Manual
Dog Harness and Cart Mounting Procedure
1. Ensure that all straps and buckles on the Ray Allen Icon Air dog harness are adjusted to
be loose enough to easily slip onto the dog.

2. Undo the four side buckles on the dog harness. Also undo the velcro on each side of the
harness so that the bottom half of the harness can swing away. The top and bottom
parts of the harness should now only be attached at the front.
3. Slip the front loop over the dog’s head and lay the top of the harness on the dog’s back.
4. Pull the bottom section of the harness between the dog’s front two legs and hold it up to
the dog’s chest.
5. Attach the hook and loop sections on the outside of the bottom half of the harness and
the inside of the top half of the harness. Do this on the left and right sides of the harness.
Ensure that the harness is sitting evenly. Adjust the hook and loop sections so that the
harness is symmetrical on the dog. The harness should be snug but not tight.
6. Attach the four buckles on the left and right side of the harness. Keep fingers away from
the pinch points on the buckles.
7. First, tighten the front chest strap. Second, tighten the rear chest strap. Third, tighten the
neck strap. Adjust the straps so that the harness fits on the dog securely and
comfortable. Do not overtighten straps. The harness should be snug but not tight. There
should be about 2 fingers of room between the straps and the dog.
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8. Undo all hook and loop cart straps on the harness.
9. Position the cart behind the dog. Tilt the front of the cart up and move the cart forward to
position it over the dog. The semi-circular crossmember should be placed behind the
shoulders.
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10. While holding onto the front of the cart, carefully position the dog’s rear left amputated
leg into the padded support on the rear of the cart.
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11. Lower the cart onto the dog so that the sides of the cart are parallel to the ground and
the top support is near the dog’s back.

111

12. Attach the middle straps on the left and right sides of the cart to the MOLLE hook and
loop panel by running the strap around the siderunner and attaching it to the top of the
harness. Also do this for the rear straps. These straps should all be tight enough to
prevent excessive movement between the harness and the cart.
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13. Make adjustments to the harness and cart straps as needed to maintain a snug and
comfortable fit for your dog. (A few more pictures are included below to demonstrate the
proper position of the cart when it is fully attached.)
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Warnings and Safety Concerns
1.
2.
3.
4.
5.
6.
7.
8.
9.

Do not leave the dog alone in the cart.
Do not let the dog traverse any steep inclines. The cart could tip over.
If the dog seems uncomfortable, loosen or remove the harness and cart.
Do not use the cart if any of the nuts and bolts are loose. Tighten any loose nuts and
bolts.
Perform regular checks of the cart including the nuts, bolts, shocks, and wheels.
Avoid getting mud in the wheel bearings.
Wash cart weekly of all mud, dirt, etc.
Prevent other dogs from interacting too closely with the cart..
Ensure shocks are in the proper position for the terrain before attaching cart.
Repairs:

1. If a tire should pop, refer to the Baby Trend repair manual for instructions. If a Baby
Trend manual is not available, any tire repair manual for a bicycle should have the same
procedure.
2. All bolts used in design should be available at local hardware stores if a failure occurs.
3. If the wheels are damaged, they can be replaced with any 16” jogging stroller wheel.
Baby Trend is the brand of wheel currently on the cart. The axle diameter is ½”.
4. If a strap rips or shows signs of wear, either sew the strap back together or purchase
new straps at a hardware store, depending on the level of wear. The straps used to
secure the harness and frame are 2 1” x 12”, 2 1” x 15”, and 1 1” x 30” hook and loop
cinch straps.
Additional Notes
The suspension on the cart can be adjusted per dog weight by changing the pressure level in
shock with a bike shock pump. The suspension on the cart can be adjusted per terrain. There
are two settings that control the behavior of the shock for on and off road. The setting can be
switched by removing the bolts holding each shock on and adjusting the shock positions.
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Figure 1. Short travel suspension, more stiff

Figure 2. Long travel suspension, less stiff
Check skin for any signs of abrasion after each use to ensure the padding is working properly. If
any signs are found, immediately stop using the cart until the skin fully heals. Check the relevant
padding on the cart for its structure, adhesion to cart, placement, etc. (could be helpful to
attempt to replicate motion that caused abrasions).
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Appendix O: Risk Assessment
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